Background

Introduction
Human subgroup F adenoviruses (Ad) differ from all other adenoviruses in having been discovered by electron microscopy rather than culture (Flewett et al., 1974) . Ironically, the first isolate, designated strain Tak, was noted in 1973 as an unidentifiable adenovirus giving CPE in HeLa cells, but remained uncharacterized for several years (de dung et al., 1983) . After more than 20 years, and despite appreciable advances in their genomic characterization, the fastidiousness of subgroup F adenoviruses in culture remains largely unexplained. This has baffled experts in adenovirus diagnosis and strain characterization and continues to intrigue others adopting a more molecular approach to their recalcitrant nature.
Subgroup F adenoviruses present a quite different phenotype to that of the prototype human adenovirus (Ad2), which, by its ability to replicate efficiently in human cell cultures, allowed elucidation of eukaryotic splicing mechanisms. On the other hand, the paradoxes presented by the subgroup F adenoviruses regarding their replication, in the light of our current knowledge of Ad2 replication, may lead to a better understanding of the complex phenomena of virus host range and tissue tropism.
This paper reviews our present knowledge of subgroup F adenoviruses at the molecular level and concentrates on reasons for their apparent defective nature in cell culture. It neglects several references to more clinical aspects of these viruses, most of which are present in general reviews by Albert (1986) and Wadell et al. (1994) .
Classification
There are 49 currently recognized human Ad serotypes (Hierholzer et al., 1991; Schnurr & Dondero, 1993) , which fall into six subgroups (or subgenera) based on * Author for correspondence. Fax + 27 11 882 0596. e-mail caroline @niv.ac.za several antigenic, morphological and molecular criteria (Wadell et al., 1986) . Other adenoviruses infect a wide range of mammals and birds, but individual strains generally show species specificity (Mautner, 1989) .
Subgroup F adenoviruses comprise two serotypes (Ad40 and Ad41). Prior to their serological and genomic characterization, these viruses were known as 'noncultivable ' (Gary et al., 1979) , 'enteric' (Jacobsson et al., 1979) or 'fastidious' (Kidd & Madeley, 1981) adenoviruses. De dung et al. (1983) reported the characterization of several fastidious adenovirus isolates from cases of infantile diarrhoea. Two distinct genomic variants with very similar antigenic characteristics, both by neutralization and haemagglutination tests, were described and designated Ad40 and Ad41. Originally it was suggested that these serotypes be classified as two subgroups or subgenera (F and G; Uhnoo et al., 1983; Wadell, 1984) , but a single subgroup designation (F) has gained general acceptance.
Several adenoviruses of animals have been associated with diarrhoeal disease (Mautner, 1989) . The human adenoviruses have long been suspected of causing diarrhoea, but this is confounded by prolonged shedding of certain serotypes, which in turn gives less credence to their role as enteric pathogens. Only the subgroup F adenoviruses are known with any certainty to be agents of gastroenteritis (Uhnoo et al., 1984; Kiddet al., 1986; Kotloff et al., 1989; Tiemessen et al., 1989; Kim et al., 1990; Cruz et al., 1990; Lew et al., 1991) . They predominantly infect infants and young children, and appear to be endemic in most countries (Kidd et al., 1983; Shinozaki et al., 1987) . A peculiar twist to their pattern of infection is that Ad41 identifications in European countries during the 1980s came to outnumber Ad40 identifications by several fold (de dung et al., 1993 Allard et al., 1985; van Loon et al., 1985; van der Avoort et al., 1989; Scott-Taylor et al., 1992) genomic DNA have been constructed. Restriction enzyme sites for Ad40 were mapped using BamHI, EcoRI, HindlII, KpnI, Sinai and XhoI (Takiff et al., 1984; van der Avoort et al., 1989) . Maps for EcoRI, SalI, ClaI, BclI, BstEII and PvuI digestion of Ad40 DNA were constructed by van Loon et al. (1985) . Restriction enzyme sites for Ad41 were mapped using BamHI (Takiff et al., 1984; Allard et al., 1985; van der Avoort et al., 1989; Scott-Taylor et al., 1992) , EcoRI (Takiff et al., 1984; Allard et al., 1985; van Loon et al., 1985; van der Avoort et al., 1989; Scott-Taylor et al., 1992) , HpaI, NruI, PvuI (Allard et al., 1985) , SalI (Allard et al., 1985; van Loon et al., 1985; Scott-Taylor et al., 1992) , KpnI (Takiff et al., 1984; van der Avoort et al., 1989) , XhoI (Takiff et al., 1984; van Loon et al., 1985; van der Avoort et al., 1989 : Scott-Taylor et al., 1992 , ClaI (van Loon et al., 1985; Scott-Taylor et al., 1992) , PstI (van der Avoort et al., 1989; Scott-Taylor et al., 1992) , HindIII and Sinai (Takiff et al., 1984; van der Avoort et al., 1989; Scott-Taylor et al., 1992) and BgIII (Scott-Taylor et al., 1992) . The total length of the DNA was estimated to be 34.0 kb for Ad40 and 34.7 kb for Ad41 (van Loon et al., 1985) . An average estimated length of 35 kb was obtained for both Ad40 and Ad41 DNA by van der Avoort et al. (1989) .
DNA homology studies have shown that, overall, the genomes of Ad40 and Ad41 have 62-69 % identity (van Loon et al., 1985) . The overall identity between DNA from both types and Ad5 DNA is 15-22 %. The sites of least identity are the left terminal 8 % and the right terminal 27% of the genome (van Loon et al., 1985) .
Restriction enzyme analysis has revealed the existence of a number of DNA variants of Ad40 and Ad41 (Kidd, 1984; Kidd et al., 1984; van der Avoort et al., 1989) . With the use of nine restriction enzymes for Ad40 and 10 for Ad41, van der Avoort et al. (1989) grouped 48 strains of Ad40 and 128 strains of Ad41 according to the presence or absence of restriction enzyme sites. Eleven Ad40 DNA variants (D1-Dll) and 24 Ad41 DNA variants (D1-D24) were described. The number of variants of Ad41 has subsequently been extended to 28 (J. C. de Jong, personal communication).
Most recently, the complete nucleotide sequence of Ad40 strain Dugan has been reported (Davison et al., 1993) . It comprises 34214 bp, somewhat smaller than the 35937 bp Ad2 genome but remarkably close to the length of the Adl2 genome (34125bp). The gene organization is similar to that of other human adenoviruses. However, two additional protein-coding regions were found; one oriented rightward (the L5-2 region encoding long fibre protein IV-2) and one leftward (U exon) (Fig. 1) . Comparisons between the predicted Ad40 proteins and those encoded by other adenoviruses showed that the most highly conserved were the E2b, intermediate protein IVaa and several of the late (L) proteins (Davison et al., 1993) . Some of the more divergent of the Ad40 L proteins were found within the L4 and L5 coding regions. Ad40 (strain Dugan) has no counterpart of the Ad2 L4 region poly(A) signal. Davison et al. (1993) suggested that polyadenylation may occur at sites in downstream regions. Two such regions are the ORFs specifying short and long fibre polypeptides (proteins IV-1 and IV-2, respectively; see Late regions). The labelling of regions L5-1 and L5-2 is thus tentative, since L5 1 could be part of L4.
Early regions
The inverted terminal repetition (ITR), situated at either end of the adenovirus genome, plays an important role in the initiation of DNA replication. The ITR region of Ad40 (Ishino et al., 1987) and Ad41 (Allard & Wadell, 1988 ) is 163 nucleotides in length compared to 103 nucleotides for Ad2 and Ad5 (van Ormondt & Galibert, 1984) . Within the Ad2 and Ad5 terminal sequences there are two distinct regions, region I (nucleotides 1-50) which is rich in A and T residues, and region II (nucleotide 51 to the end of the ITR) which has a high G + C content. Replication of full-length Ad2 DNA in vitro requires the presence of three viral proteins, DNA polymerase (Pol), terminal protein precursor (pTP) and the adenovirus DNA-binding protein (DBP), two cellular DBPs, NFI and NFIII, and the viral origin of replication. Nucleotide sequences within region I of the ITR that are highly conserved among adenoviruses are also present in Ad40 and Ad41. These include the 10 bp 'core' sequence of the origin of replication which is recognized by the pTP Pol heterodimer (Temperley & Hay, 1992) , the NFI-binding site (Nagata et al., 1982 (Nagata et al., , 1983 Santoro et al., 1988) and the NFIII-binding site (Pruijn et al., 1986) found at nucleotides 9 I8, 35-40 and 41 51 on the Ad40/41 genome, respectively. Region II of Ad40 and Ad41, with 89% sequence identity between the types, retains most of the corresponding Ad5 ITR sequence as well as three repeats of a region between nucleotides 52 and 59 (Ishino et al., 1987) .
The Ela region of Ad41 (van Loon et al., 1987b; Allard & Wadell, 1988) and the Ela and Elb regions of Ad40 (van Loon et al., 1987b; Ishino et al., 1988) have been sequenced and compared with known adenovirus sequences. The overall organization of these gene regions appears similar to that of other adenoviruses, but some differences in possible strategic sequences were noted. A 30 bp region between two enhancers in Ad5 has only 60 % identity with the corresponding region of Ad40 and Ad41 (van Loon et al., 1987b) . This region in Ad5 (Hearing & Shenk, 1986) but not in Ad3 (Robinson & Tibbetts, 1984) is essential for the transcription of other early genes. An encapsidation signal of about 30 nucleotides (consensus sequence TATTTR(N)3RG(N)4 R N Y T Y T G A ; Brinkmann et al., 1983) is not present in Ad40 and Ad41 (van Loon et al., 1987b) . Ad40 and Ad41 lack an enhancer (Hen et al., 1983) in a region corresponding to a stretch of 33 bp between 102 and 135 bp upstream from the cap site in the Adl2 E l b region (van Loon et al., 1987b) . In Adl2 this enhancer region, starting at position 1411 (van Ormondt & Hesper, 1983) , was shown to be essential for transcription of E l b under control of the E l a gene product (Bos & Ten Wolde-Kraamwinkel, 1983) . It has been suggested by van Loon et al. (1987b) that the above differences do not explain the fastidious growth of the subgroup F adenoviruses.
The Ad40 E l a gene region codes for 221 and 249 amino acid residue (R) proteins (Ishino et al., 1988) . In Ad41, putative proteins of 222R and 251R were predicted to be coded for by the 12S and 13S Ad41 E l a m R N A species, respectively (Allard & Wadell, 1988) . The Ad40 E l b gene region would be expected to code for protein products of 166R and 475R (Ishino et al., 1988) . Identity between the E l b polypeptides of Ad40 (Ishino et al., 1988; van Loon et al., 1987b) and Ad41 (van Loon et al., 1987b) and those of Ad5, at 45 %, is higher than that of the Ela proteins. Allard & Wadell (1988) compared the conserved regions (CR) of the predicted Ad41 13S mRNA product (251R) with the corresponding sequences of Ad4, Ad5, Ad7 and Adl2. Amino acid homology was high in CR2 with one residue in the Ad41 sequence different out of eight. The amino acid conservation of CR1 and CR3 was less, with 10 of 16 conserved residues and 18 of 23 conserved residues, respectively, shared by Ad41. The conserved regions of the Ad40 and Ad41 large Ela proteins were only 51% and 45% identical to the corresponding Ad5 regions, respectively (van Loon et al., 1987b) . CR1 of Ad40 was found to be only 37% identical to the corresponding region of Ad5 (Ad7 and Adl2 are 63 % and 54% identical to Ad5, respectively; Ishino et al., 1988) .
A reduced transactivating function of Ad40 (Ishino et al., 1988; van Loon et al., 1987a) and Ad41 (van Loon et al., 1987a) Ela products has been shown in comparison with the Ela products of other serotypes using chloramphenicol acetyltransferase (CAT) assays. In addition, the Ad40 Ela promoter has little cis-acting activity in rat 3Y1 cells, as determined by the level of CAT expression (Ishino et al., 1988 ).
An ORF within the Elb transcription unit corresponding to the structural protein IX found in other adenoviruses was also found in Ad40 and Ad4t (van Loon et al., 1987b) . Unlike other adenoviruses, this ORF starts in the intron of the larger mRNA. The Ad40 and Ad41 IX proteins predicted from DNA sequencing share 53 % identity with the IX protein of Ad5. Part of the ORF that encodes the intermediate gene protein IVa 2 was also sequenced (van Loon et al., 1987b) . The Cterminal domains of the Ad40 and Ad41 IVa 2 proteins were 74 % identical to the Ad5 and Ad7 protein.
The E2a gene encoding the Ad40 and Ad41 DBP has been characterized (Vos et al., 1988) . From the nucleotide sequences it was determined that the DBPs were the smallest characterized so far, the Ad40 DBP having 473 amino acid residues and Ad41 one additional residue, as compared to the 529R protein of Ad5. Their small size is due to the small N-terminal domains of 119R for Ad40 and 120R for Ad41, while the corresponding Ad5 domain has 173 amino acid residues. The C-terminal domains of DBPs have a number of highly conserved regions (Kruijer et al., 1983; Quinn & Kitchingman, 1984; Kitchingman, 1985) and four strongly conserved domains have been identified in the DBP of Ad40 and Ad41 (Vos et al., 1988) .
As for Ad2, Ad3 and Ad5 (Cladaras & Wold, 1985; Sign/is et al., 1986) , the promoter of the Ad41 E3 region is located within the pVIII gene (N. J. Pieniazek et al., 1989b) . However, no ORF was located downstream from the pVIII gene that could code for the E3 12"4 kDa protein (N. J. Pieniazek et al., 1989b) . In Ad40, the E3a proteins of 173R and 276R share no identity with any known adenovirus proteins, whereas the E3b proteins of 90R, 107R and 122R have 41%, 33 % and 53 % amino acid identity with their Ad2 counterparts, respectively (Davison et al., 1993) . It may be significant that the subgroup F adenoviruses have E3a sequences divergent from other adenoviruses, a feature possibly related to their interaction with the host mucosal immune system. The Ad40 genome contains four E40RFs which are not spliced within the protein-coding regions and one gene which is apparently expressed by splicing. A counterpart for the furthermost 5' Ad2 E40RF is absent in Ad40 (Davison et al., 1993) . Further elucidation of the transcriptional capacity of Ad40 and Ad41 early gene regions awaits studies of gene expression #1 vitro.
Late regions
The L1 region of Ad40 encodes 52 55 kDa and IIIa proteins, which share 80 % and 74 % identity with the corresponding Ad2 sequences, respectively (Davison et al., 1993) .
The penton base polypeptide (polypeptide III) of Ad40, predicted from DNA sequencing over the L2 region, shows relatively high identity to the penton base of Adl2 (81% ; Sprengel et al., 1994) . Unlike the Ad2, Ad3 and Adl2 penton base polypeptides, which carry an RGD motif that is thought to be important for virus internalization (Wickham et al., 1993; Bai et al., 1993) , the Ad40 penton base polypeptide carries RGA. The significance of this, if any, is not known.
The 23 kDa proteases of both Ad40 and Ad41, encoded by the L3 region, show a strong homology to the Ad2 and Ad5 proteins (Vos et al., 1988) . The Nterminal part of the 100 kDa proteins of Ad40 and Ad41 show some deletions when compared to Ad2 and Ad5 (Vos et al., 1988) . The hexon polypeptides (polypeptide II) of Ad40 and Ad41 predicted from DNA sequencing (Toogood & Hay, 1988; Toogood et al., 1989) have 88 % identity. Differences in sequence occur in two main regions and these differences are consistent with those between Ad2 and Ad5 of subgroup C. These regions of the trimeric protein may carry type-specific determinants (Toogood et al., 1989; Crompton et al., 1994) as demonstrated recently for Ad2 (Toogood et al., 1992) . The variable regions of the hexon monomer map to the 11, 12 and 19 loops (predicted from X-ray analysis of Ad2 hexons) that form the surface of the virion. A highly acidic region of 32 amino acids, present in the 11 loop of Ad2 and Ad5, is absent in Ad40 and Ad41 (Toogood et al., 1989) . Slemenda et al. (1990) sequenced the genes for the 100 kDa and 33 kDa proteins encoded by the Ad41 L4 region. A 777R ORF coding for the 100 kDa protein could be identified. It was predicted from donor and acceptor splice sequences that an intron of 178 nucleotides may be removed from the 33 kDa protein gene transcripts, as has been found for Ad2 (OosteromDragon & Anderson, 1983) . The Ad41 hexon-associated precursor, pVIII (N. J. Pieniazek et al., 1989b) , has 80 % amino acid identity with the Ad2 pVIII (H~riss6 et al., 1980) . Genes encoding a putative 59 kDa fibre polypeptide in Ad40 (Kidd & Erasmus, 1989) and 60.5 kDa fibre polypeptide in Ad41 (N. J. Pieniazek et al., 1989a; Kidd et al., 1990 ) have been characterized. There is a high degree of identity between the 59 kDa and 60.5 kDa fibre proteins of these viruses, except in the shaft region. The shaft domain of the Ad41 fibre has 22 15-amino-acid repeat motifs (N. J. Pieniazek et al., 1989a; Kidd et al., 1990) , whereas the corresponding Ad40 protein has 21 (Kidd & Erasmus, 1989) . A study of several Ad40 and Ad41 DNA variants indicated that the 15 amino acid difference in polypeptide length is a type-specific difference among subgroup F adenoviruses in general, with the exception of two uncommon isolates of Ad41, which had a 15 amino acid block deletion different to that of Ad40 (Kidd et al., 1990) . The long fibre gene product has been designated polypeptide IV-2 by Davison et al. (1993) .
An additional ORF specifying a 41.4 kDa polypeptide of 387R was located upstream of the Ad4l fibre gene (N. J. Pieniazek et al., 1990) . The organization of the protein shows a high degree of similarity to other known fibre proteins, with a shaft domain of 12 15-residue repeat motifs. Kidd et al. (1993) described a corresponding short fibre gene in Ad40, demonstrated expression of both fibre genes at the mRNA and protein levels during infection, and showed that only one kind of fibre protein is incorporated at each vertex. Each of the two fibre species is therefore capable of associating singly with a penton base, in contrast to the avian adenoviruses, whose fibres appear to associate with the penton base in pairs (Laver et al., 1971) .
Growth of subgroup F adenoviruses in culture
Growth characteristics
The subgroup F adenoviruses cannot be grown in most cell culture systems that support the growth of adenoviruses from subgroups A to E, such as KB, HeLa, primary human amnion and primary human embryo kidney cells. Ad40 and Ad41 have been propagated in Chang conjunctival cells (Kidd & Madeley, 1981) , HEp-2 and tertiary cynomolgus monkey kidney cells (de Jong et al., 1983) , 293 cells (Takiff et al., 1981 ; Brown et al., 1984; Brown, 1985) and HT-29 cells (Uhnoo et al., 1983) . The 293 cells have integrated Ad5 early region 1 DNA (Graham et al., 1977) and have been particularly useful for the growth of Ad41 (van Loon et al., 1985) rather than Ad40 (Chiba et al., 1983; Uhnoo et al., 1983 Uhnoo et al., , 1984 Brown, 1985; van Loon et al., 1985) .
Differences in the susceptibility to virus growth in different batches of the same cell line, variations in the growth of different strains and differences in the growth of identical strains between laboratories have been reported (de Jong et al., 1983) . Ad41 has been reported to grow in a variety of primary cell lines under culture conditions employing low serum concentrations of 0.2 to 1% (D. Pieniazek et al., 1990b) . It was suggested that Ad41 replication in primary cells is inhibited due to some unknown serum factor or factors.
A rapid loss of Ad41 infectivity with passage in 293 cells has been demonstrated (D. Pieniazek et al., 1990a) . In contrast, HEp-2 cells allowed the continuous propagation of Ad41 (D. Pieniazek et al., 1990a) . There has, however, been a report where not all Ad41 strains were able to grow in these cells (Perron-Henry et al., 1988) . Brown (1985) has shown that while the production of Ad40 virions in 293 cells is three-to 10-fold lower than that observed for other adenoviruses, the yield of infectious virus is 100-to 1000-fold less. Witt & Bousquet (1988) demonstrated low levels of infectious Ad40 virions and hexon protein produced in A549 and KB cells, as compared to Ad41. Tiemessen & Kidd (1994) demonstrated that representative strains of Ad40 and Ad41 show different growth characteristics at different stages of the replicative cycle and also in different cells. This suggests that the growth defectiveness shown by subgroup F adenoviruses is a multifactorial phenomenon.
Few attempts have been made to propagate subgroup F adenoviruses in organ culture. Kidd & Madeley (1981) described passage of subgroup F adenoviruses from cultures of fetal human intestine to Chang conjunctival cells. confirmed that replication of Ad40 and Ad41 progresses at least to the stage of virus assembly in human fetal intestinal epithelium (Fig. 2) , but failed to demonstrate the release of hexon antigen.
Apparent defectiveness (i) Introduction
Despite several independent studies on the growth restriction of subgroup F adenoviruses in vitro, no single aberrant function has been unequivocally implicated as being wholly responsible for their apparent growth defects in human cell cultures. Tables 1-3 (1993) replication cycle at which replicative defects have been implicated in subgroup F adenoviruses. It will be apparent from these that few workers have compared the replication of the two serotypes at the molecular level. The extent of strain-specific variation in how well subgroup F adenoviruses adapt to culture in the laboratory is also largely unexplored.
(ii) The role of early region 1
The characteristic growth defects shown by the subgroup F adenoviruses in vitro are reminiscent of those of adenoviruses that display an altered host range, the socalled host range mutants of the subgroup C adenoviruses with defects in region E1 (Harrison et al., 1977; Jones & Shenk, 1979; Young et al., 1984) . These mutants can be propagated in 293 cells, which provide a helper function for growth through expression of the integrated Ad5 E1 region (Graham et al., 1977; Aiello et al., 1979) . KB and HeLa cells are less permissive for replication of these E1 mutants.
Sequencing studies (van Loon et al., 1987b; Allard & Wadell, 1988; Ishino et al., 1988) showed that the overall organization of the Ela and Elb gene regions appears similar to that of other adenoviruses. However, the Ela products of Ad40 (Ishino et al., 1988; van Loon et al., 1987a) and Ad41 (van Loon et al., 1987a ) have a reduced capacity to transactivate other early genes. Transcription of the Ela gene itself is controlled by a number of cis-acting elements (Hearing & Shenk, 1983; Hen et al., 1983; Imperiale et al., 1983) . The cis-acting activity of the Ad40 Ela promoter in rat 3Y1 cells was also found to be deficient (Ishino et al., 1988 (Mautner et al., 1989) .
The expression of Ad40 Elb mRNAs in permissive cells is only detected after the onset of DNA synthesis and no accumulation of these mRNAs occurs in the presence of a drug that blocks DNA synthesis (Mautner et al., 1990;  Table 2 ). A 55 kDa product could not be detected in these cells and there was no host protein shutoff (Mautner et al., 1990) . However, the Ad40 Elb 55 kDa protein equivalent was subsequently shown to be expressed in permissive KB16 cells (Bailey et al., 1993) .
It has been confirmed that an Elb function expressed in the KBI8 cell line complements Ad40 growth (Hashimoto et al., 1991) . These authors further demonstrated efficient growth and plaque production by Ad40 and Ad41 using a human lung carcinoma cell line, A549 cells. Ad40-specific Ela and Elb mRNAs were detected before the onset of DNA synthesis in A549 cells (Hashimoto et al., 1991) , unlike their expression in KB and KBI8 cells (Mautner et al., 1990; Hashimoto et al., 1991) .
Transformed Rhesus monkey kidney cells that express Ad5 and Ad3 Ela proteins and an Ad5-transformed cell line expressing the Elb 19 kDa protein in addition to the Ela proteins support the growth of Ad40 but not of Ad41 (Nascimento et al., 1990) .
A number of other findings lend support to a role for defective Ela and/or Elb functioning in the subgroup F adenovirus growth restriction in vitro. Firstly, productive and semi-productive growth of Ad41 and Ad40 in 293 cells, respectively, is most likely due to the provision of E1 functions in trans. With Ad41, an average of one infectious virus particle was found to be sufficient to productively infect each 293 cell (Tiemessen & Kidd, 1990) . However, reports of loss of infectivity upon passage of Ad41 in 293 cells (D. Pieniazek et al., 1990a) and poor growth of Ad40 in these cells (Chiba et al., 1983; Uhnoo et al., 1983; Brown, 1985; van Loon et al., 1985) suggest that the provision of E1 functions alone is not sufficient to overcome growth restriction.
Secondly, we have detected only transcripts that map to the E1 region (0~12m.u.) in Ad41-infected nonpermissive (HEF) cells (C. Tiemessen & A. Kidd, unpublished results) ( Table 2 ). This indicates a block at the start of delayed early transcription, which is most likely due to inefficient transactivation of other early promoters by Ela products and/or a defect in Elb. It has been shown with Ad5 Ela mutants that the requirement for the Ela transactivating protein is not absolute and transcription rates from the early promoters gradually increase over an extended period of time (Nevins, 1981; Gaynor & Berk, 1983) . Since no other Ad41 transcripts were detected even at late times in HEF cells, an E1 function other than or in addition to deficient transactivation is likely to be involved.
The accumulation of transcripts from the Ad41 E1 region (0-12m.u.) in semi-permissive cells (Chang conjunctiva) is gradual and can be detected throughout infection (C. Tiemessen & A. Kidd, unpublished results). In general, transcription from all regions was very much delayed compared to that found in 293 cells. This could be explained in part by a reduced transactivation of other early promoters by Ela products and therefore longer periods of time required for accumulating critical concentrations of certain products. In keeping with this, it was found that four to five infectious virus particles are required to infect productively each Chang conjunctival cell (Tiemessen & Kidd, 1990) . Collaboration between a number of genomes may therefore be necessary to attain critical levels of a certain product(s) to allow progression of the infectious cycle. A defective Ela and/or VA RNA gene could be responsible for the susceptibility of the subgroup F adenoviruses to lymphoblastoid interferon in Chang cells . This contrasts with the interferon resistance of Ad2 in culture. In Ad2, the cellular DAI kinase is induced and activated in response to infection, the action of which is antagonized by the presence of VA RNA~ (Mathews & Shenk, 1991) . In the absence of a functional VA RNA~ gene, activated DA! results in the phosphorylation of the translation initiation factor elF-2~ (Schneider et al., 1985; Davies et aI., 1989) and the subsequent inhibition of protein synthesis. The 289R Ela protein of Ad2 is thought to stimulate VA RNA~ gene expression by modifying the cellular transcription factor TFIIIC (Hoeffler et at., 1988) . In this way, either reduced transactivation via this factor by the Ad40 or Ad41 equivalent of this Ela protein, or reduced transcription of the VA RNA gene for some other reason, might affect VA RNA function.
There is as yet no direct evidence that VA RNA plays a role in the growth defectiveness of subgroup F adenoviruses. These viruses, like Adl2, have one VA RNA gene. The VA RNA genes of Ad40 and Ad41 have considerably higher sequence identity to the single VA RNA gene of a monkey adenovirus (77% and 81%, respectively) than to the VA RNA~ gene of Ad2 (approximately 60%) .
(iii) Host protein shutoff
The late phase of Ad2 infection is marked by inhibition of host cell protein synthesis and preferential translation of viral mRNAs. For Ad40 and Ad41, no shutoff of host protein synthesis could be detected in Chang or 293 cells, even though prominent polypeptides could be detected in Ad41-infected 293 cells (Tiemessen & Kidd, 1994) . Neither was host protein shutoff found following infection of KB cells, which are known to complement the growth of Ad40 (Mautner et al., 1990) . This suggests that the Elb 55 kDa protein constitutively produced in 293 cells and KB18 or KB16 cells cannot complement Ad40 or Ad41 for inhibition of host protein shutoff. Tiemessen & Kidd (1994 A product of the Ad2 E4 region, the 34 kDa protein, forms a complex with the Elb 55 kDa protein during infection (Sarnow et al., 1984) . Defects in either of these functions result in similar phenotypic characteristics, namely defective synthesis of viral late mRNAs and proteins and inefficient shutoff of host macromolecular synthesis (Challberg & Ketner, 1981; Weinberg & Ketner, 1983; Babiss & Ginsberg, 1984) . It has been shown that Ad40 can complement the E4 defect in an Ad2 deletion mutant in coinfections of HeLa and Vero cells (Mautner & Mackay, 1991) . Other functions known to inhibit subgroup C macromolecular synthesis include the fibre antigen (Levine & Ginsberg, 1967) and both the VA RNA I and DAI kinase as suggested by O'Malley et al. (1989) . The subgroup F adenoviruses are unique amongst human adenoviruses in having two fibre genes (N. J. Pieniazek et al., 1990; which are known to be expressed, at least in Ad40 . However, the actual levels of expression of both fibre proteins have not been assessed.
(iv) DNA replication and packag#lg
In Chang cells, Ad40 and Ad41 DNA synthesis is less efficient than that of Ad2 and the proportion of DNA packaged into virions is very much less than that found for Ad2 (Tiemessen & Kidd, 1994;  Table 3 ). This may be the result of an earlier block affecting some or all subsequent functions, or due to a function associated specifically with packaging of DNA. Neither Ad40 nor Ad41 contain the encapsidation signal at the left-hand end of the genome found in other adenoviruses (Hammarskj61d & Winberg, 1980; Hearing & Shenk, 1983) . DNA incorporation into capsids, however, is not absolutely dependent on the packaging sequence and other factors are thought to be involved (Kosturko & Vanech, 1986) .
Ad40 DNA replication occurs in non-permissive HEF cells but no DNA is packaged into virions, implicating a late block in replication (Tiemessen & Kidd, 1994) . Ad41, on the other hand, is defective in DNA replication. Unlike Ad41, Ad40 has the ability not only to replicate its DNA in HEF cells but to sustain its genome over a number of passages (Tiemessen & Kidd, 1994) . Further analysis of this phenomenon could reveal the specific viral-encoded function(s) responsible for this notable difference in the replicative abilities of Ad40 and Ad41 in HEF cells.
Most Ad5 Elb 55 kDa protein mutants synthesize DNA normally (Esche, 1986) . E4 mutants that carry large deletions affecting most or all of the E40RFs have large DNA replication defects (Halbert et al., 1985; Bridge & Ketner, 1989; Weinberg & Ketner, 1986) . It has been shown that Ad40 can complement the E4 defect in one such deletion mutant (Weinberg & Ketner, 1986) in coinfections of HeLa and Vero cells, attaining levels comparable to wild-type Ad2 (Mautner & Mackay, 1991) . A study with Ad5 Elb/E4 double mutants has suggested that the Elb 55 kDa and E4 34 kDa complex acts in parallel with the E40RF3 product (116R protein) to permit normal DNA synthesis in infected cells (Bridge & Ketner, 1990) . Neither of the mutant parents has been reported to have a notable DNA defect (Babiss & Ginsberg, 1984; Bridge & Ketner, 1989) . The ability of Ad40 to replicate its DNA in HEF cells is consistent with a defect in Elb 55 kDa but not E4. In Ad41-infected HEF cells, it would appear from preliminary transcription studies that the stage where any such E4 defect might become apparent is not reached (C. Tiemessen & A. Kidd, unpublished results) .
In Ad2, the E2 transcription unit encodes the proteins required for adenovirus DNA replication. E4 gene products play an important role, together with Ela products, in the activation of the cellular transcription factor E2F (Babiss, 1989; Reichel et al., 1989; Raychaudhuri et al., 1990 ), which in turn activates the E2 transcription unit (reviewed in Nevins, 1991) . It may be significant in this regard that no gene transcripts were detected by us in Ad41-infected Chang cells that hybridize to the region between 8734 and 100 m.u., a region containing the E4 transcription unit. Transcripts from this region were detected in 293 cells. This may be a result of reduced transactivation of the E4 promoter by Ela products or a short half-life of E4 messenger RNAs and therefore a failure to detect these. Alternatively, products of the E2 transcription unit itself or cellular factors necessary for DNA replication may be incapacitated. The latter possibility could be tested in a soluble in vitro DNA replication system (Challberg & Kelly, 1979) .
Taken together, there are distinct differences in the capacity of Ad40 and Ad41 to replicate their DNA, which imply (i) the presence of, or the critical concentration of, a necessary cellular factor(s) which varies with the cell type (e.g. Chang versus HEF cells) and (ii) a virus-dependent function(s) that is operational in Ad40-and not in Ad41-infected HEF cells.
(v) Late functions
In the search for the function(s) responsible for a reduced capacity of subgroup F adenoviruses to grow in vitro, the major emphasis has been on the possible involvement of early gene functions. That late functions would inevitably be incapacitated as a result of an earlier defect complicates the study of late functions per se. Reports of defective late functions are therefore few. A loss of virus infectivity with passage in 293 cells has been suggested to be due to the absence of core protein V in complete virus particles, this most likely being the result of a defect in virus assembly (D. Pieniazek et al., 1990a) . Brown et al. (1992) have described a block in the release of progeny Ad40 and Ad41 virus in HeLa cells, which was not present in 293 cells. A similar block in release of hexon is apparent in fetal intestinal organ cultures . These phenomena, manifest as late functions, may well be the result of an aberrant function(s) encoded by early genes.
Cellular factors and their role in replication
The degree of permissiveness of a cell for a particular virus can sometimes be altered by the presence of another infecting virus, usually by providing a necessary viral function in trans. Such a change in the permissiveness of Chang and HEF cells to Ad41 infection was shown to occur in the presence of Ad2 (Tiemessen & Kidd, 1988) , and of HeLa cells to Ad40 in the presence of Ad5 and Adl2 Ela mutants but not Elb 55 kDa mutants (Mautner et al., 1989) .
There are indications that the provision of virus gene helper functions in trans may not be the only contributor to a successful subgroup F adenovirus infection. Cells such as Chang conjunctiva, A549, HRT18 and tertiary monkey kidney possibly provide some necessary viral function(s) or a cellular counterpart of some viral product. Alternatively, the cellular function expressed might derepress a viral product. In either case the growth permissiveness of a cell type would then be governed by the degree of expression of such a function.
Recently, a number of cellular transcription factors have been described that are required for the expression of various adenovirus genes. Some require Ela gene expression for their activation. These include TFIIIC which stimulates subgroup C VA RNA~ gene expression (Hoettter et al., 1988) and TFIID (TATA-binding protein) which is believed to be involved in Ela modulation of Elb expression (Wu et al., 1987) . One factor that does not require Ela expression for its activation is the ATF-E4F factor, which appears to be required for Ela, E2a, E3 and E4 expression (SivaRaman et al., 1986; DeVaux & Kedinger, 1987; Hurst & Jones, 1987; Lee & Green, 1987) . Transcription factor E2F has already been mentioned (see DNA replication and packaging). Cells non-permissive for Ad40 and Ad41 may have limiting concentrations of some such endogenous transcription factor(s). Alternatively, the replicative block may be due to an inability of the Ad40/Ad41 Ela transactivating product to adequately modify a preexisting cellular factor. In this regard, the Ad40 Ela gene may not be as incapacitated as that of Ad41 in HEF cells. In certain cell types the Ela gene function may not be as necessary as in others. For example, Ad5 Elb mutants have been shown to grow in primary human embryo kidney cells while being defective for growth in continuous cell lines (Harrison et al., 1977; Bernards et al., 1986) .
The state of differentiation of a cell has been shown to affect the presence of certain cellular factors. For example, undifferentiated F9 teratocarcinoma stem cells, which can transcribe the Ad2 E2 promoter in the absence of Ela, contain an E2F factor that binds to the E2 promoter elements. Upon differentiation, this E2F binding activity is lost, accompanied by a decrease in the ability to transcribe the E2 early promoter in the absence of Ela (Reichel et al., 1987) . Imperiale et al. (1984) have shown that F9 cells which have high uninduced levels of expression of the heat shock gene allow the expression of early adenovirus genes in the absence of the Ela gene product. However, upon differentiation the constitutive expression of heat shock protein in F9 stem cells is lost and early adenovirus gene expression requires the presence of the Ela gene product.
A cellular activity which functionally substitutes for Ela in transactivation of both the E2a early promoter and Elb promoter has been found in HepG2 cells, a human hepatocellular carcinoma cell line (Spergel & Chen-Kiang, 1991) . These cells supported productive infection of an Ela deletion mutant of Ad5 and full complementation of infection upon induction by interleukin-6 (IL-6). This is in contrast to the situation in mouse teratocarcinoma cells where the E2F activity is lost upon differentiation (Reichel et al., 1987) . The cellular factor present in HepG2 cells that can substitute for Ela in transactivation has been identified as NF-IL6, an IL-6-regulated human nuclear factor (Spergel et al., 1992) . Ad40 and Ad41 have recently been shown to grow well in PLC/PRF/5 cells, another hepatocellular carcinoma cell line (Grabow et al., 1992) . Assuming defective Ela functioning in these cells, it is possible that the presence of a similar factor in PLC/PRF/5 cells may complement Ad40 and Ad41 growth. However, the growth-promoting factor in these cells could equally be the hepatitis B virus X gene product (Rossner, 1992) , which transactivates both RNA polymerase II and III promoters (Aufiero & Schneider, 1990 ).
Genome persistence
It is possible that as with subgroup C adenoviruses associated with respiratory disease, the subgroup F adenoviruses may infect the individual at an early age and then persist for life. Seroepidemiological studies have shown that these viruses are widespread (Kidd et al., 1983; Shinozaki et al., 1987) . If the subgroup F adenoviruses do persist in some cell population in the gastrointestinal tract, it might be expected that certain genes may be involved in maintaining the genome in a state that either results in the continuous production of small amounts of virus (persistence), or in a form that is harboured and can be reactivated by certain factors (latency).
These viruses have been associated with diarrhoeal disease in infants and young children, but no studies have been carried out to determine their prevalence or their association with disease in adult populations. It is therefore not known whether subgroup F adenoviruses can be reactivated in vivo after initial infection. One study has, however, addressed the question of prolonged and intermittent shedding of adenoviruses in stool using a sensitive two-step PCR method for detection . General primers that could detect representatives of all adenovirus subgroups and primers specific for subgroup F adenoviruses were used. Interestingly, the subgroup F adenoviruses were not detected in healthy children or adults or in adults with diarrhoea, whereas adenoviruses in general were frequently detected in these groups. This suggests that natural productive infection by subgroup F adenoviruses has a shorter time course than many other adenoviruses.
We have recently demonstrated the potential for whole genome persistence of Ad40 in cells that the virus fails to infect productively (Tiemessen & Kidd, 1994) . By definition, this virus-cell interaction cannot be defined by the term latency as this implies reversible nonproductive infection. Infection could not be reactivated by Ad2, which is normally capable of complementing Ad40 to the stage of late antigen synthesis (Tiemessen & Kidd, 1988 . The involvement of other factors in reactivation, however, cannot be excluded. Further studies of the difference in the ability o fAd40 and Ad41 to sustain their genomes in the HEF cell model may allow some insight into the mechanisms employed by Ad40 in the establishment and maintenance of this unusual virus-cell interaction. Findings with other adenovirus serotypes show the presence of episomal DNA and possible integrated sequences in the lymphoid tissue and peripheral blood lymphocytes from apparently normal individuals (Green et al., 1979; Horvath et al., 1986 ), a situation not unlike the Ad40 genome persistence described (Tiemessen & Kidd, 1994) . The Ad40-HEF cell interaction may thus provide a system in which this phenomenon could be studied. This may conceivably allow the identification of factors or specific genes that may be involved in maintaining a reservoir of apparently episomal DNA for long periods of time and its possible role in adenovirus persistence. The potential for reactivation may be especially significant in immunosuppressed patients with human immunodeficiency virus infection where a preponderance of new serotypes have emerged.
]Future perspectives
The interaction of subgroup F adenoviruses with human cells in vitro presents an interesting example of the varied outcome of a virus infection in relation to the permissiveness of the host cell. One major problem that deserves consideration is the distinction between direct and indirect effects of a specific defect in a system where many gene functions interact to regulate gene expression. A complex phenotype or range of phenotypes can result and interpretation in terms of these traits can be difficult or even misleading. For example, in non-permissive HEF cells, at least one Ad41 defect clearly occurs at an early stage (Tiemessen & Kidd, 1994) and the phenotype may be governed by this initial aberrant function(s). On the other hand, Ad41 replication is not as restricted in Chang conjunctival cells and progresses beyond the replicative block apparent in HEF cells. This same early defect may be present to some extent in Chang cells and could theoretically give rise to further inefficiencies later in the replication cycle. This could best be described as' a house of cards effect', caused by an early function that is less debilitating in Chang cells and which gives rise to more detectable aberrations than in HEF cells. Additionally, certain viral functions may be more seriously affected by an earlier defect than others, depending on the host cell used.
The need for a meaningful overview and explanation of subgroup F adenovirus defects has been confounded by the range of cell types and virus strains used. Our own experience (Tiemessen & Kidd, 1994) is that this growth restriction is a multifactorial phenomenon and that subgroup F adenoviruses can display different defects, depending on the cells used and the infecting serotype. There may even be differences in the ability to replicate in cell culture depending on the virus strain (de Jong et al., 1983) . Presumably some or all of the defects seen in vitro are artificial, in the sense that the natural target cells compensate for them. The phenomenon of fastidiousness in the laboratory may in this case simply be a manifestation of exquisite adaptation of the virus to one cell type. The only evidence against this so far is the finding that, while these viruses can replicate at least to the point of capsid assembly in fetal intestinal epithelial cells, hexon antigen is not released from the cells . However, this observation itself may be the result of viral adaptation to replication in a mucosa which turns over rapidly. Virus release may be a natural consequence of infection of cells that are shortlived.
Cellular factors which could be involved in the 'natural' replication cycle remain to be elucidated. For example, intracellular secondary messenger molecules, such as cAMP, are synthesized in response to the binding of peptide hormones to cell surface receptors (Jungmann & Russell, 1977) . Hormonal responses which result include transcriptional changes in gene expression (Buchler et al., 1988; Grove et al., 1987) . Increased intracellular levels of cAMP induce the expression of a number of cellular genes (Roesler et al., 1988) . The cellular transcription factor ATF binds to viral early promoter regions of Ela, E2a and E4, and cAMP response elements (CRE) of cellular genes (Jones et al., 1988) . Expression from viral promoters can be induced by cAMP (Leza & Hearing, 1989) . Induction by Ela and cAMP were shown to act via independent mechanisms. This provides a further example of how expression of certain viral genes can be induced by an external stimulus in the absence of Ela transactivation. This may be particularly important in the natural host cell of the subgroup F adenoviruses.
The restricted growth of the subgroup F adenoviruses may lie in their inability to respond to, or utilize the transcription factors that are available in different cell types. This lack of growth versatility in human cell lines is reminiscent of the growth phenotypes displayed by other human adenoviruses when infecting cells of other species (Graham, 1984; Klessig, 1984; Doerfler, 1991) .
The origin of Ad40 and Ad41 as a subgroup (subgenus) has had little mention in this treatise, largely because of lack of evidence. The study linking the single subgroup F adenovirus VA RNA genes by sequence identity to the simian adenovirus 7 equivalent has recently been extended to give new insights into the origin of human adenovirus subgroups in general (Kidd et al., 1995) . Subgroup A (Adl2, Adl8 and Ad31) and subgroup F adenoviruses all have VA RNA genes with high sequence identity to monkey adenovirus VA RNA genes in general, which, taken together with their absence of a partnering VA RNA gene in all cases, suggests that these subgroups of human adenoviruses are a legacy from monkeys. All other subgroups of human adenoviruses, and even the B:2 members with only vestigial VA RNAr~ genes, probably developed from, or in parallel with, their ape (chimpanzee) counterparts.
The existence of so many (approximately 40 already known) genome types of subgroup F adenovirus, all detected within 20 years and all with related antigenic determinants, can be explained by two opposing scenarios. One possibility is that subgroup F adenoviruses, perhaps as a result of a recombination event and/or a shift in host, are in a state of evolutionary flux. Since we have little idea of rates of mutation in DNA viruses (Morse, 1994) , the reverse could equally be the case. The subgroup F adenoviruses may have been infecting humans for hundreds of thousands of years and generating stable variants which supplant each other from time to time. It is clear that the study of DNA virus evolution lags behind that of RNA viruses and that much needs to be learned about the relative importance and frequency of recombination, block deletion and single base mutation in nature.
The subgroup F adenoviruses pose an interesting challenge with respect to studies on molecular aspects of disease. Since the molecular basis of differences in pathogenicity between adenoviruses causing respiratory and other syndromes and adenoviruses that are tropic for cells of the gastrointestinal tract is unknown, there is a need for research in this area. One interesting prospect involves the finding that the subgroup F adenoviruses code for a second fibre gene, the implications of which are important with respect to (i) virus attachment and entry strategy and (ii) usage of coding capacity in a portion of the genome hitherto associated with early (E3) function. In addition, the strategies employed by these viruses in their interaction with the mucosal immune system are undoubtedly worthy of study.
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